Porous silicon samples were prepared by anodizing p-doped Si(100) substrates in both aqueous (HF/H20, HF/CHOH, HF/CH3OH/H20, HF/C2H5OH/H20) and nonaqueous (MeCN/HF) media. The time-dependent porous silicon photoluminescence (PL) was monitored during the etch (in situ) and after removal from the etch solution (ex situ). Correlation of the ex situ and in situ PL indicates that the composition of the etchant solution plays an extremely important role in the onset, time-dependent intensity, and lifetime of the emission, both in and out of solution. The effect of etchant solution additives (ethylene glycol, CH3OH, C2H5OH, NaF, HC1, and NaC1) on the porous silicon PL both during arid following the etching cycle, was also determined. The distinct and different correlations found between aqueous and nonaqueous etchants provide insights into the mechanism of PL. These results, when considered in the context of quantum chemical modeling, strongly suggest surface-bound silicon oxyhydride moieties as the source of the porous silicon PL.
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Introduction
The visible photoluminescence (PL) extending from 500 to 800 nm which characterizes electrochemically (EC) produced porous silicon (PS)12 at room temperature has been the subject of considerable interest because of its potential use in the development of silicon-based optoelectronics, displays, and sensors. While this luminescence is thought to occur near the PS surface,34 the source of this visible emission is controversial as the efficiency and wavelength range of the emitted light can be affected by the physical and electronic structure of the surface, the nature of the etching solution,56 and the nature of the environment into which the etched sample is placed.9 With this parameter dependence, it is surprising that, with few exceptions1011 PL spectra are generally reported for PS samples (formed in dilute HF solutions) which have already been dried in air or more inert environments after undergoing etch and rinse treatments. These ex situ samples provide spectral information but do not indicate the evolution of the PS luminescence. It is therefore of interest to observe the PL as it evolves, in situ, during the etching process and following, while the sample is still wet by the etching solution or has been treated by an appropriate rinse. Here we examine the in situ development of the PS photoluminescence in several etch solution environments as well as the controlled modification of these environments. For certain * Electrochemical Society Active Member. select environments, we also consider the net effect of these in situ treatments on ex situ behavior.
We have carried out an extensive series of experiments5'79'12 in both aqueous (HF/H20, HF/CHOH, HF! The studies reported here complement those of Sailor et al. '3-'6 We consider that the oxyhydride fluorophors are bound to the PS surface and that they are to be distinguished from surface adsorbates. Sailor et al. ' " have reported the hole transfer quenching of the PL from PS by ferrocene'3 and the irreversible quenching due to aromatic hydrocarbons and redox active solutes,"3 they have also demonstrated the reversible quenching of the PS luminescence in air due to trace levels of NO and NO2 16 adsorbates. This suggests, as we have also observed, a wide diversity of absorbant effects which may well be associated with surface interaction. Here we emphasize that the action of an adsorbate on a PS surface must be carefully distinguished from the creation or derivatization of a FL source." '7 The most widely considered hypothesis to explain the considered and modeled the role of interfacial oxide-related defects in the form of nonbridging oxygen-hole centers (NBOHC). These luminescent sources have also been suggested, more recently, by other researchers. 3' As we have indicated, detailed quantum chemical calculations2' suggest that the FS FL can plausibly be attributed to silicon oxyhydride-like fluorophors strongly bound to the PS surface. The fluorophor contains an Si=O double bond and a hydrogen, hydroxide, SiH3, or OSiH3 ligand bound to the silicon. The silanone-based oxyhydrides with -OH or -OSiH3 moieties demonstrate a close correlation between their lowest lying excited triplet states and the triplet exciton identified by Stutzmann.2325 The changes in bonding associated with electronic transitions involving the oxyhydride ground electronic singlet states and their low-lying triplet states, especially in the SiO-related bonds, and a substantial shift to larger internuclear distance associated with these excited electronic states relative to their ground states, correlate well with the observed character of the FL spectra. The excitation of an excited triplet state greatly shifted from the ground electronic state which undergoes rapid relaxation down the excited state vibrational manifold does much to explain the significant red shift of the FL spectrum (600-800 nm) from the known absorption peak wavelength of the excitation spectrum (-350 nm) .2' The quantum chemical studies,2' which have also been used to demonstrate the effects of surface derivatization,' also suggest that neither the corresponding silylenes nor tricoordinated silicon compounds with dangling electrons contribute to the observed FL.
The results of our experiments conducted in aqueous and nonaqueous media provide support for a surfacebound molecule-like emitter as the source of the FL from PS. Several observations lead us to this conclusion, including the early appearance in time (<10 )52 of the FS luminescence during the etch cycle, consistent with the formation of a surface-bound emitter created on a time scale much shorter than that necessary for pore formation. In considering the in situ FL associated with the four basic etching solutions used in this study, we evaluate5 the nature of the transformation of the "green" luminescence which PS displays in the early and intermediate stages of the etching process and its conversion to the final "orange-red" FL emission commonly observed. We outline the strong stabilizing effect7 which small quantities of water have on the nonaqueous etching process and which the strong acids HC1, HBr, and HI can have on a silicon surface photoluminescing in solution. ' In complement to these studies we also consider the effect of the sodium salts NaF and NaC1 on the FL from FS as it develops in various solutions. By also establishing the effect of several reagents on the etching process we display the interplay between FL and silicon surface dissolution.
Experimental
Single-crystal (100), boron-doped silicon wafers with resistivities of 2, 15, and 224 ft cm were obtained from MEMC (Dallas, TX). The overall experimental configuration used to prepare and monitor laser or mercury-lampinduced FL from the FS samples is depicted in Fig. 1 and 2. Both in situ and ex situ experiments were conducted using this optical configuration.
A 300 nm thin film of aluminum was sputtered onto the back side of the wafers. Ohmic contacts were made to the wafers by connecting a wire to the thin film of aluminum using conductive paint (Insulating Materials, Inc., Ekote no. 3030). The wire and aluminum film were then covered with a layer of black wax (Apiezon W), leaving only the front surface of the silicon exposed to the etching solution. Both the silicon wafer wire and platinum electrode connections passed through a Teflon cap which was tightly fit to the cuvette. For those experiments with anhydrous HF! MeCN etching solution, the cuvette was filled in a dry box (Vacuum Atmospheres Co., Hawthorne, CA) under nitrogen and the cap was sealed before transport using either vacuum grease (Dow Corning High Vacuum) or silicon caulking compound. Etching currents applied ranged from 2 to 30 mA/cm2 with the majority of experiments conducted in the range from 4 to 10 mA/cm2.
Block Diagram of In Situ Porous
Silicon Etching Experiment The optical train for the PL experiments was arranged on a heavy-duty optical breadboard as indicated in Fig. 1 . The output from an appropriate pulsed laser [Nd:YAG (ytrrium aluminum garnet) pumped dye laser in the range 390-320 nm, nitrogen laser at 337.1 nm, and KrF and ArF excimer lasers at 248 and 193 nm, respectively] or a continuous wave argon ion laser was expanded and sent through a mask to the porous silicon surface. In order to excite the PL process during the etch cycle, the laser outputs traversed the etching solution and impinged directly onto the etching silicon wafers. The majority of these in situ studies used nitrogen or KrF excimer laser radiation. Since an anhydrous HF/MeCN solution strongly absorbs 248 (KrF) and 193 nm (ArF) radiation, only a nitrogen laser, mercury lamp, or YAG pumped dye laser could be used for these experiments. In several experiments carried out after the PS samples were washed and allowed to dry in air, the observed ex situ PL was of sufficient intensity so as to warrant excitation using only the scattered light from the laser sources with no direct "focusing" of the laser onto the PS surface.
To achieve reproducibility, the following alignment procedure was adopted. The cuvette was placed into a permanent clamp holder connected to a magnetic base x-y mount attached directly to the top of the optical breadboard. After verifying that the cuvette was properly illuminated by the masked light source of choice for a given experiment, a strongly luminescent PS sample from a previous experiment was placed into the cuvette and the position of the McPherson spectrometer was adjusted to maximize the PL signal at 650 nm. The direct scattering of laser light into the spectrometer was minimized. The calibrating PS sample was then removed and the cuvette filled with the appropriate etching solution. The silicon sample of interest (anode) and the Pt wire (cathode) were then placed into the cuvette. The sample was adjusted vertically to optimal alignment with the exciting laser source and rotated so as to avoid direct laser reflection into the spectrometer. The leads were attached to a computer-controlled home-built constant current source and, after a final alignment check, the entire system was covered with a heavy black cloth to avoid any contamination of the experiment by the room lights. Care was also taken to assure that the observed PL was excited in a single photon excitation process.
The PL was dispersed through the McPherson monochromator, which was scanned using a computer-interfaced stepping motor, and impinged on a Hamamatsu 446 phototube. The output from the phototube was sent to an SR400 (Stanford Research Series) photon counter whose gate for most experiments was set to the first 100 p.s of PL. The output from the photon counter was processed using an IBM-compatible PC. The PL from the PS was studied both during the etching cycle, following etching in solution, and upon the removal, washing, and drying of the sample in air. Not only were ex situ samples studied in air but also under solutions of HC1/H,O, NaF/MeOH, NaC1/MeOH, methanol, ethanol, or ethylene glycol in which the washed sample was placed. These samples were placed into their original holders and sometimes also into a cuvette which contained the rinse solutions as outlined. The previously outlined alignment procedure was repeated. A typical scan, first from 490 to 730 nm, in 2.5 nm steps with 30-40 laser shots per data point for lasers running with repetition rates between 20 and 30 Hz, requires -3.5-4 mm. This scan is immediately taken in reverse, furnishing a consistent internal check for any possible changes which might occur during the scan cycle. Because of the changes which can be manifest over the 3.5-4 mm scanning period, several runs were also devoted to time scans at the individual wavelengths 5200, 6200, and sometimes 7100 A. Spectral calibration could be accomplished with a mercury lamp or the individual laser excitation wavelengths, often in second order.
Results
ExSitu PL Spectra.-PL spectra measured in an ex situ environment for PS samples formed using four basic electrolyte solutions including acetonitrile/2M HF in a nearly anhydrous environment, methanol/20% HF (vol % using a 49% aqueous HF solution), water/20% HF, and methanol! 50% HF are depicted in Fig. 3 . The PS samples were prepared by etching (100) silicon at 4 mA/cm2 for approximately 10 mm, rinsing with MeOH, and drying in air for several minutes before the PL was taken. For a given electrolyte solution, ex situ spectra were unaffected by a limited variation of etch times (from 6 to 12 mm) and etch current densities (from 4 to 8 mA/cm2).
The PL spectra in Fig. 3 (corrected for phototube wavelength response) clearly show a slight wavelength dependence associated with the different electrolytes. The PL from the PS formed in the acetonitrile solution, whose water concentration is of order 0.001 mol/L, 'z was the most red-shifted with a peak wavelength at approximately 7000 A, while the PL from the PS sample etched in 20% HF/water (6 mol/L HF) was the most blue-shifted with a peak at -6500 A. However, this energy difference, which corresponds to only 1100 cm' or -3 kcal/mol, might result from a number of possible sources not associated with differences in electrolyte solution.
The PL emission spectra depicted in Fig. 3 resemble the spectra generally observed for PS formed in HF solutions and dried in air. However, these air dried PL spectra provide only a glimpse of the PS luminescence in the latter stages of the development of the source of this emission and provide limited information about the evolution of the emission. It therefore is of interest to monitor the PL as it evolves for a given etch solution throughout the etching process, from the initial stages of preparation when the Monitoring of "green and orange-red" photoluminescent emissions-To study the evolution of the PS PL, the emission is monitored in situ at two wavelengths, 5200 and 6200 A. The 6200 A wavelength represents the best combination of the peak PL wavelength, convolved with the spectrometer + phototube system response, which can be used to monitor the orange-red PL emission commonly characterizing UV-pumped (? < 350 nm) porous silicon. 5200 A represents the wavelength of choice5 to monitor the PL precursor state, whose signature has been observed by a more limited group of researchers, as it is characterized by a green spectral emission which appears to transform in time to the final orange-red emitter.5 Figure 4 demonstrates the PL at these two wavelengths where Si(100) is etched in each of the four basic etching solutions considered in this study.
Anhydrous HF/MeCN Etch-The data for the nearly anhydrous 2 M HF in MeCN etch solution depicted in Fig. 4a at higher resolution'2 shows that the 6200 A PL is observed as early as 10 s into the etching process, long before pores can be formed. Figure 4a indicates that the 6200 A PL rises linearly during the etching process followed by a sharp rise in the PL intensity after the EC etching cycle is terminated. At the sensitivity of the detector used in this study and for the extremely low water content present, during the etch cycle, little or no detectable PL was observed at 5200 A until after the etching current was terminated. Here, similarly, a significant rise in PL intensity was observed at 5200 A. A gradual decay in the PL was then observed at each wavelength while the silicon remained in solution. This basic behavior was obtained for several etch currents ranging from 4 to 24 mA/cm2; however, it was clear that the slope of the initial linear rise in PL emission intensity decreased with increasing etch current over this range.7 This dependence, depicted for 11 and 24 mA/cm2 etching currents in Fig. 5a , in concert with the sharp rise in PL intensity after the etching current is terminated, suggests that the etching process both creates and destroys the PL emitters. This important interplay,7
Time (Minutes) which is not clearly manifest with the much higher water content in an aqueous etch process, clearly gives way to the effective formation of both the green and orange-red PL emitters once the etch current is terminated.
Stabilization through introduction of small quantities of water- Figure Sb demonstrates that the introduction of small quantities of water into the HF/MeCN etching solution has a profound effect on the 6200 A PL,7 both enhancing and stabilizing this emission intensity following the termination of the etch current. There are also subtle changes as larger quantities of water are added to the etching solution7 which can affect both the rate of increase of the PL as well as the spectral distribution of the PL. When 40 1 .tL of water is injected into 2 mL of a 2 M HF in MeCN etching solution 15 mm after the EC etching process is concluded, Fig. 6 demonstrates that the 6200 A PL at first drops precipitously with mixing followed by a clear rise to a higher peak intensity over the next 60 mm. In contrast, the PL at 5200 A seems much less affected by the introduction of the 40 tiL of water although it continues to rise, albeit at a much slower rate over a similar period. Finally, we consider a series of ex situ PL spectra (Fig. 7) obtained as a function of time after a PS sample etched in 2 M HF! MeCN is removed from the etching solution. An initially weak orange-red PL increases significantly with time, and this intensity increase, which is not enhanced in an °2 enriched atmosphere, does not appear to be the result of an increased molecular oxygen content at the surface. 32 The combination of the data in Fig. 4-7 strongly supports the reactivity of the PS surface with water and its importance to the luminescence process. Dilute HF (20%)/water etch-In sharp contrast to the PL from PS formed in a near-anhydrous etch, the rise in the 5200 A PL is immediately apparent and, at least initially, closely parallels the rise in the 6200 A PL when the etching cycle is carried out in a water/20% HF (6 M HF) etch solution. As Fig. 4b demonstrates, the PL at first rises slowly within the first few tens of seconds of etching as it undergoes a seemingly short gestation period before increasing much more rapidly. The PL is clearly observable at both 5200 and 6200 A after 1 mm of etching and is comparable until the 5200 A feature begins to lag in intensity approximately 7 mm into the 12 mm EC etching cycle. After the etching current is terminated, the PL intensity continues to increase but the 5200 A emission increases at a notably slower rate than does the 6200 A emission. If the PL were displayed as a full spectrum vs. time, it would the orange-red photoluminescent intensity begins to increase at a more rapid rate than does the 5200 A PL, a behavior similar to that displayed for the HF/H20 etch solution (Fig. 4b) . After the etching cycle is terminated, the 6200 A PL continues to increase while the 5200 A FL peaks and begins to slowly decay.
The cycling behavior observed upon etching in these methanol/HF solutions is also distinct from that characterizing the anhydrous MeCN/HF solutions. Figure Ba and behavior observed as a pristine wafer, first placed in the etching solution for 2-3 mm, undergoes EC etching is distinct. We observe a slope rise for an 8 mA/cm2 etch which can be seen to exceed that of following 8 mA/cm2 cycles and a subsequent dip and slight rebound in the PL intensity before the conclusion of the EC etch cycle. Following EC etches on the same sample are found to display a slightly diminished initial slope increase in the PL intensity, followed by a clear slowing of the monitored rate of emitter formation; however, the PL intensity now consistently peaks at the conclusion of the EC etch. In all cases, the termination of the etch process is followed by a dip in the PL intensity In addition, the PL is seen to quickly rebound. There is a clear trend to an increased rebound intensity as the 8 mA/cm2 etching cycles are repeated on a given sample. The 24 mA/cm2 etch following the third 8 mA/cm2 etch displayed in Fig. 8 leads to an expected increase in PL intensity; however, this increase considerably lags behind the increase in etch current density and is followed by a considerably lower rebound intensity Similar behavior is observed at 5200 A, although the dip in FL intensity following the EC etch is considerably muted. Finally, we observe a rapid decrease and quenching of the PL in the HF/MeOH solution. As Fig. 4c demonstrates, the PL intensity is quenched within 25 mm. Additional experiments involving the introduction of small quantities of methanol and ethanol into an HF/H20 etch solution suggest that this may result from a methanol/HF interaction to produce intermediates which enhance the dissolution of the PS surface. It is to be noted, however, that the introduction of ethylene glycol5 to this HF/methanol etch solution again slows the transformation of the green precursor state to the final orange-red PL emitter while stabilizing the FL for extended periods. 5 Finally we observe that the effects of multiple etching cycles are reflected also in the ex situ FL observed after treatment in HF/MeOH. ratio of the PL at 6200 A to that at 5200 A for the MeCN/HF etching solution can be clearly assessed from Fig. 10 . These spectra, obtained for the wetted PS samples, are clearly blue-shifted relative to the spectra depicted in Fig. 3 and obtained for similarly prepared PS samples dried in air. In other words, the drying of the PS sample caused the peak spectral emission wavelength to shift by several hundred angstroms to longer wavelengths for each of the basic solutions used in this study The red shift in the PL emission with increased exposure to air must be intimately tied to the transformation of the emitting mediurn on the PS surface. Effect of etch current density- Figure 11 exemplifies the effect of etch current density on the PL observed during the etch cycle. Here the silicon was etched in a 6 M HF/H20 solution at a current density of 10 mA/cm2 for 70 mm. The 6200 A PL clearly increased in intensity during the etching process. As the current density was increased to 16 mA/cm2, a sudden increase in the 6200 A PL was observed, followed by a continuous albeit less pronounced increase in the PL intensity with etch time over the next 60 mm. 'When the etch current was increased to 30 mA/cm2, the PL intensity MeOH). These in situ spectra taken at a time gate for sampling of 0.8-100 p.s should be compared with the ex situ spectra in Fig. 3 .
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150 180 210 behavior, although at slightly higher etching currents, is also observed for the 6 M HF/H20/MeOH solution.
The influence of additives on the in situ PL from PS-Post etch treatments.-The varied nature of the in situ PL characteristic of the basic etching solutions which we have outlined has also focused our attention on the effect of additives to the etching solution and hence on post-EC etch treatments. The stabilizing effect of small quantities of water on the anhydrous etching process,7 as well as the effect of ethylene glycol5 on the green and orange-red PL from a sample etched in HF/H20 and HF/H,O/CH;3OH solutions are exemplary.
We have found that samples prepared in any of the four basic etching solutions, once cleaned in a combination of doubly deionized water and methanol or ethanol and allowed to dry, yield a significant ex situ PL. If a cleaned sample is immediately placed in doubly deionized water, we observe a slow rise in the in situ PL intensity at both 5200 and 6200 A. Similarly, if such a cleaned sample is placed in an ultrahigh-purity methanol or ethanol solution, the in situ PL slowly increases and gradually diminishes on the time scale of several hours. However, this behavior is in sharp contrast to the effect of immersing the PS in a combination of the alcohols with HE Post etch treatment with ethanol-The PL induced by an aqueous HF etch [e.g., HF (20%) in H2OJ can be readily depressed through the postetch addition of ethanol to this solution. The 6200 A PL is most affected, showing a definite decay upon addition of ethanol to the etch solution. However, after displaying an initial dip in intensity, the 5200 A PL is observed to recover to virtually its initial level. The effect of ethanol can, however, be more diverse.
We exemplify with the results for a silicon sample first etched in a solution of 20% HF in water for 10 mm i oltowed by a subsequent etch after the addition of ethanol to this solution. The 6200 A PL intensity in the HF/H20 solution increased after the etch was terminated as exemplified in Fig. 4b . Depicted in Fig. 12 is the 6200 A PL as a function of time when 700 pL of ethanol was added to 2 mL of the 20% HF/H20 etching solution and this solution was used to etch the silicon sample for a second time. Although the 6200 A PL increases more rapidly during the etch period, after the cessation of the EC etch, the PL intensity decreases much more rapidly and is almost completely Here 700 p.1 of EtCH was added to 2 ml of the HF/H20 solution previously used to etch a Si(100) sample and the subsequent sqlution was used to etch the silicon again. We compare the 6200 A Pt emission intensity to that depicted in Fig. 4b. quenched within 30 mm. This behavior, while not as pronounced, closely parallels that observed for a silicon wafer initially placed in an HF/H20/MeOH solution (Fig. 4c ).
Postetch treatment with methanol- Figure 13 demonstrates the diverse quenching effect which the simple alcohols can have on the PS PL. The data depicted in the figure were obtained using a concentrated HF (48%) etch upon the addition of methanol. A PS sample was produced from a It is important to emphasize that if we allow a PS sample to remain in the HF/H20/MeOH etching solution after the EC etching cycle is complete, the PL will be quenched completely within 15 mm. We find that the quenching cycle appears to follow the reverse of the development of the PL (Fig. 4) as the orange-red PL quenches much more rapidly than the green PL. Only after the orange-red PL is completely quenched do we observe the complete quenching of the green FL5 in an HF/MeOH-based solution. We have also observed PL from an HC1/H20 solution following an etch cycle. In sharp contrast, the addition of methanol to this HC1/H20 etching solution does not appear to quench the FL but may in fact provide some enhancement. In further contrast, we find that a strongly photolummnescent sample cleaned of HF and placed in MeOH will exhibit a signif icant FL for several days. If we add a single drop of HF etching solution to a previously etched PS sample as it soaks in MeOH, the PL is rapidly quenched. The results in an HF/MeOH environment, obtained when methanol is introduced into an aqueous HF etching environment or vice versa, are to be contrasted with a virtually complete lack of quenching when MeOH is introduced into a nonaqueous HF/MeCN etching solution. It seems apparent that the interaction between methanol and to a lesser extent ethanol and HF in an aqueous solution leads either to the formation of a solution phase compound which very effectively quenches the triplet exciton excited state giving rise to the PL from PS or accelerates the PS surface oxidation or dissolution process.
Postetch treatment of PS samples in methanol, H20-NaF.-The importance of fluoride ion to the dissolution process is clearly outlined in Fig. 14. Here we indicate the effect of the introduction of NaF prepared in a saturated methanol solution (-0.4 M), to PS samples photoluminescing in air and a methanol solution. As Fig. 14a and b indicate, the postetch FL from a porous silicon sample placed in methanol solution increases somewhat more rapidily than does that for a sample placed in air. The introduction of NaF immediately quenches this FL on a time scale of seconds. Fluoride ion is clearly a very effective quencher. The consideration of diffusion effects in the etching solution suggests that the quenching process results from the extremely rapid dissolution of the top few surface layers which contain surface-bound emitters.
Post etch treatment with HC1-PL enhancement and stabilization- Figure 15 depicts the in situ effect of water and HC1 on the orange-red PL from a PS sample previously dried in air. The PS sample was first etched in a methanol! 20% HF [6 mol/L HF in MeOH(aq)] solution for 10 mm, washed with methanol, dried in air, and then placed first in a solution of doubly deionized water and then -6 M HC1. The intensity of the FL increased somewhat upon removal from the HF solution and again increased more rapidly as the sample was placed in water.78 However, after adding HC1,78 the orange-red FL intensity increased significantly (Fig. 15 ) and remained virtually constant over the period (up to 3.5 h) in which the sample was present in the HC1 solution. Within the time frame of these described processes, the wavelength-dependent spectral profile of the PL emission spectrum was only slightly altered from the time it was removed from the HF etching solution and dried through the period in which the sample remained in the HC1 solution. The introduction of HC1 clearly has a profound stabilizing effect on the in situ PS FL.
We have also examined the influence of the heavier acids HBr and HI on the nitrogen laser excited FL from a PS surface.8 In contrast to the apparent stabilizing effect of hydrochloric acid on a PS surface photoluminescing in doubly deionized water, HI almost completely quenches the PL. The effect of an HBr solution is intermediate.
We have also examined the effect of HC1 introduction into an HF/H20 etching sOlution in the early stages following the etching process. Again, the enhancement and stabilization of the 6200 A orange-red PL is apparent; however, we find that the effect of HC1 on the 5200 A flu- Postetch treatment of PS samples in methanol-NaCI.-The intriguing stabilization of the PS FL in an HO solution focuses our attention on the effect which chloride ion has on the FL process. As the data in Fig. l6a and b demonstrate, a stabilization of the PL emission rate from an etched PS surface, albeit at a notably lower photon count, accompanies the addition of NaC1 to a luminescing PS sample. In fact, an intriguing behavior is monitored. As we have noted, in the absence of Mad, the 6200 A PL from PS placed in a methanol solution slowly rises, eventually peaks, and then more gradually decreases in intensity. If NaC1 is added to this solution before the FL has reached its maximum intensity in methanol, the PL slowly increases to a maximum intensity and then plateaus. As methanol solution in which the PS sample is previously placed, as indicated in Fig. 16b , after the PL has peaked in the methanol solution, the PL is stabilized at an intensity corresponding closely to that at the time of the NaCl introduction. This is certainly an intriguing result which portends means to stabilize the PL from porous silicon with appropriate chloride solutions.
Trends in ex situ PL spectra.-From the data in Fig. 3 and  9 , it should be clear that the ax situ PL spectra (i) red shift in air relative to the observed in situ luminescence and (ii) red shift with the duration of the overall etching process and are affected by a previous etch cycle. We observe that a sample, prepared in a near-anhydrous in situ environment (MeCN/HF), after it is washed (methanol), dried, and placed in air, displays a considerably weaker initial luminescence than does a sample prepared in an aqueous HF solution (20% HF/H20, 20% HF/MeOH). Samples prepared in aqueous HF generally display a clear luminescence immediately after ex situ preparation [washing (methanol), drying in airl. With time, however, the PL from the sample generated in the anhydrous MeCN/HF increases and may eventually surpass that from the sample generated in aqueous etch. In fact, the most intense ex situ PL which we have observed results after etching in a near-anhydrous solution. The ex situ spectra which we have observed do not appear to shift with increasing laser power. In fact, their intensity scales linearly with incident laser photon flux, demonstrating that the observed behavior does not result from multiphoton processes. Finally, we observe that the ex situ FL spectrum in air, in time will generally equalize regardless of how the sample is prepared. The ex situ PL gradually increases in intensity over the course of several hours and then plateaus in intensity as the spectrum red shifts.
Discussion
We have characterized several environments in which FL can be generated on an etched PS surface and have established conditions under which this FL can be stabilized, enhanced, or quenched. The experimental results which we have outlined are summarized in Table I . We argue in this discussion that the origin of the visible FL emission from PS is reasonably associated with a surfacebound chemical entity and that the emission correlates with a transition originating from a triplet exciton, as established by Stutzmann and co-workers. 2320 We suggest that this surface-bound source can be viewed as a silanone-based silicon oxyhydride emitter bound to the PS surface. In this discussion, we evaluate the formation of the photoluminescent sources and their subsequent loss by either their oxidation to Si02 or dissolution in the HFbased etching solutions investigated in this study. It has been established that PS is formed by an oxidation-dissolution mechanism where silicon oxides, current density, and crystallographic structure play a pivotal role231 and the rate of growth of the oxides and porosity of the structure are functions of solvent composition. Whereas PS fabricated from an aqueous electrolyte consists of high- Emission from the nonaqueous etched material establishes that very fine nanoporous structures are not a prerequisite to induce PL in PS. In fact, we have observed PL from both aqueous and nonaqueous etched samples prior to the formation of any pores.'2 We find that much less than 100 nm of silicon need to be removed before the luminescence centers are formed. The topographical changes in the surface are consistent with the formation of emitting, constrained surface species. As the open structure of PS prepared by nonaqueous etching results from an oxidation-dissolution process, small quantities of water are required for the onset of PL. This suggests that constrained emitting species may also be formed on the walls of the macroporous structure and that the oxyhydrides27'28 may play an important role.
Quantum confinement vs. surface-based chemical change-As the morphology of PS depends on etching conditions,33 and the morphological changes appear to parallel changes in PL intensity,34 the source of the observed PL has been linked to a physical change in the silicon microstructure. Quantum confinement suggests that the PL originates from nanosize particles of silicon formed during the EC etching cycle.'182° Silicon particles with diameters less than 50 A have been reported. 35 Further, correlations of the wavelength of maximum luminescence with porosity36 also suggest the possibility of size confinement and nanocrystalline silicon particles37-39 produced by techniques other than EC etching have exhibited properties similar to porous silicon. 38 While enticing, the quantum confinement hypothesis is challenged by other experimental observations. For example, size confinement cannot account for the observed red shifts as a function of etch time (see Fig. 9 ) which are monitored upon the drying of the PS sample and under some oxidative conditions.4° In these experiments, the size of surface silicon particles must become smaller yet, counter to the expected manifestation of this behavior, a red shift in the PL is observed. Further, chemical change must be occurring which contributes, at least heavily to (dominantly influences) the observed behavior.
Recent studies of the PL emission as a function of excitation energy in our laboratory indicate that for a selection of laser excitations over the wavelength range extending from 193 to 400 nm,9 an almost identical time-dependent 620 nm P1 in NaCI Solution 3293 J. Electrochem. Soc., Vol. 145, No. 9, September 1998 The Electrochemical Society, Inc. . (a, left) The NaCI prepared as a saturated solution (-0.2 M) is added to a sample photoluminescing at 6200 A in MeOH before the PL has reached its peak intensity. The solution stabilizes at the peak PL intensity although at a much longer time scale than,that for HCI (Fig. 15). (b, right) The NaCI prepared as a saturated solution (0.2 M) is added to a sample photoluminescing in MeOH (6200 A) after the Pt intensity in methanol has peaked. The solution is stabilized at the intensity upon addition.
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PL emission feature results. This behavior is inconsistent with quantum confinement and suggests the pumping of the excited state manifold of a molecule-like species, followed by rapid, nonradiative relaxation through the excited state vibrational manifold and the subsequent emission of radiation at much longer wavelength emanating from considerably lower excited state levels.
Our studies of the FL emission as a function of excitation energy support the conclusions of Kanemitsu et al.,41
Frokes et al.,2'3° and Macauley et al. 42 Collectively, these studies demonstrate that no obvious relationship exists between the PL spectrum and either the PLE spectrum or the particle size distribution. Kanemitsu et aL4' have used optical absorption, Raman spectroscopy, and transmission electron microscopy to assess the relationship between particle size and PL. They found a blue shift in the optical absorption spectrum for particles decreasing in size from 9 to 2 nm but observed no change in the corresponding FL peak energy. This result clearly demonstrates that the PL peak emission energy is not correlated with particle size. Our time-dependent studies, over the 0-100 p.s time frame,9 suggest the manifestation of a pumping sequence between the ground state and strongly shifted excited state5'9 of a surface-bound fluorophor as the pumped excited state levels, high in the excited state manifold, subsequently undergo rapid nonradiative relaxation. Thus, a cascade A number of researchers have recorded a blue shift in the PS photoluminescent emission spectrum that parallels increasing etch effectiveness. They have attributed this behavior to the creation of quantum confined silicon particulates which decrease in size with increasing etch time. However, one might also attribute the observed changes to the role of surface curvature (tension) and structural strain as it influences the PL process by creating local force gradients. In fact, Unagami44 has measured the intrinsic stress in porous silicon layers formed in an aqueous HF etch, finding a macroscopic stress which extends from compressive to tensile. Friedersdorf et al. 45 have observed the influence of stress on the FL of PS structures, correlating the blue shift in PL peak energy with surface microstructure, and concluding that the characteristic cellular structure occurring in high-porosity films is due to high surface stresses. This cellular structure is not formed during the etching process itself but occurs during electrolyte evaporation after removal of the FS from solution. Enhanced surface tensions associated with increased curvature appear to be operative.
Finally, in close agreement, Kanecko et al. 46 have very recently noted that while an enhanced etching cycle leads to a blue shift in the PL spectrum, the higher porosity structure created is clearly strained. While these authors note that the observed blue shift suggests quantum effects, the surface state of the porous layer also is suggested to play an important role. The changes observed in the FL emission spectra depicted in Fig. 3 and 10 as a function of etch solution can also be readily attributed to similar surface-based effects.
Finally, we note that Kanemitsu et al. 41 " provide some indication that the FL intensity does increase significantly with decreasing particle size. This trend, which might be expected on the basis of quantum confinement,47 might also be explained by a decrease in the PL intensity resulting from an increase in the energy transfer quenching with increased effective particle size to which an emitting surface-bound fluorophor is bound. Further, it might be argued that the PS samples generated in anhydrous media are possessed of distinctly different effective structural sizes, suggesting that differences in the PL intensity for those samples prepared in aqueous and anhydrous media are not due entirely to surface chemical changes but to significant changes in the absorption process. However, it can also be argued that the microstructure of the PS samples generated in anhydrous media is accompanied by a significant surface roughening which can create confined regions and which results, in part, from the presence of small quantities of water which enhances the FL. Further, it would also be surprising to find that a significant change in the absorption process does not produce a substantial change in the spectral distribution of the FL.
The characteristics which we observe as a function of etch conditions and the outlined discrepancies with the quantum confinement model naturally cause us to consider the possibility that the source of the FL is chemical in origin and surface localized. Here, the diversity of behaviors which we observe as a function of etch solution and the extremely rapid quenching of the PL which can be induced by NaF (Fig. 14) through dissolution and HI8 by rapid heavy ion quenching are certainly also suggestive of a chemistry dominated by interactions at the silicon surface-etch solution interface.
The triplet exciton emission which characterizes porous silicon has been equated to the very similar emission spectrum of "annealed" siloxene.22 However; this is a very complex species whose synthesis is tedious.23-25 Other researchers48 have shown that the luminescence is affected by the silicon hydride and silicon oxide coverage of the surface. These observations, while seemingly counter to each other, suggest that the oxygen and hydrogen functionality on the silicon surface is important to the luminescence process. We suggest that the surface functionality of "annealed" siloxene is best described as resulting from the silicon oxyhydrides. For example, in the aqueous solutions, a high concentration of H30 is available which competes with F and HF in complexing the oxidized forms of silicon. At higher fluoride concentrations, or under anhydrous conditions, the fluoride form of the silicon complex is favored as compared to the oxide or hydroxide. While it is impossible to quantitatively determine the intermediates and their rate constants from the results in this study, the sequential Si +y1H
nature of the monitored reaction paths can be used as a framework for understanding the role of complexing agents and potential. The initial rise of the green and orange-red FL within the first minutes of etching must occur concurrently with the roughening of the surface and the formation of reaction intermediates at the silicon-solution interface. While on a short time scale the surface roughening may lead to the formation of surface topological features consistent with quantum confinement, the formation and dissolution of unique chemical species is also possible. We contend that the most likely chemical entity which is the source of luminescence is a silicon oxyhydride.5'9 The rise in FL intensity with etch time for the basic solutions considered in this study (e.g., Fig. 4 ) parallels the expected increase in surface coverage of silicon reaction intermediates, possibly suboxides. Fourier transform infrared (FTIR) studies'°s how that during and after the electrochemical etching reaction, suboxides in the form of Si(II) are indeed formed at the silicon surface. After the etching current has been terminated, any silicon dioxide and, to a slightly lesser extent, silicon-based suboxide species, formed during the etching process, should be dissolved chemically by the HF solution. Because oxide dissolution is expected to occur as the FL decays in time, the behavior of the luminescence shortly after the EC etch termination (Fig. 4) suggests that the luminescence is associated with the presence of some form of silicon oxyhydride on the FS surface.
The complete oxidation of the FS surface to Si02 results in a loss of the green and orange-red luminescence. Si02 fluoresces on a much shorter time scale49 in the region near 4500 A and thus cannot be the source of the emission. In fact, the results obtained by Henglein et al.,56'51 in their study of luminescent colloidal silicon particles prepared from oxide-coated crystalline silicon formed in the combustion of silane, are relevant to our discussion. Henglein et al. found that the orange-red FL can be activated by the aqueous HF etching of colloidal silicon particles suspended in a 1:1 cyclohexane-propanol-2 solution in the presence of air. In contrast, there is no luminescence in the absence of air (under argon). The required presence of oxygen (or small concentrations of water) indicates that the oxide layer created in the combustion of silane does not promote luminescence. Rather, as Heinglein et al. note, the development of the orange-red FL in nonpolar cyclohexane suggests that this original oxide layer must first be removed by HE The silicon particles, with a nonpolar surface, are created in the cyclohexane phase. Here an equilibrium is established between their surface oxidation and reduction by 02 (H20) and HF, respectively. Near-pristine colloidal particles are formed whose oxidation, to a much lower level than the original oxide-coated particles, produces the luminescence in a process which must compete with an eventual dissolution through SiF4 (Si(OH)4) formation.7'3252 '53 Based upon a study5° of the quenching of the luminescence in polar solvents, trimethylamine, ammonia, and sulfuric acid and the apparent stabilizing effects of nonpolar solvents,7'32 Henglein et al.6° have suggested the importance of a protolytic equilibria between the three surface structures with the neutral hydroxyl structure corresponding to that species which can be expected to produce the orange-red luminescence. Thus, these authors suggest that the orange-red FL occurs when colloidal silicon particles carry only a limited component of oxidized centers and that the protonation state of these centers strongly affects the luminescence. This result is quite consistent with the formation of a silicon oxyhydride constituency encompassing a required OH or OR ligand.
Fast quenching and quantum confinement-The quantum confinement theory is not consistent with the observed decays as a function of etch solution (Fig. 4,5,8 ) and the fast quenching of the FL due to the introduction of NaF and HI9 to the etching solution. If the source of the FL is a hydrogen-passivated nanocrystalline solid, one would expect only a minimal decay of the FL in the etch solution as HF only chemically dissolves silicon oxides and not silicon hydrides. As it has been demonstrated54 that the surface of fabricated porous silicon is mostly hydride-coated, consisting of (111) faces, the probability that any nanoparticles on the surface are hydride-coated is high. HF solutions react primarily with silicon-oxygen bonds to dissolve oxides. Therefore, those silicon nanopartides terminated with hydrogen should be only minimally affected by the HF solution. Further, any nanocrystalline silicon particle terminated by an oxide coating would be expected to decrease in size as the dissolution process concludes with a hydride surface termination. As a result, a slight decay in FL and not the complete elimination of FL would be expected if the FL was associated with nanocrystalline surface structures.
The luminescence decays depicted in Fig. 4 and 5 can also be demonstrated to be consistent with a surface-confined moiety as the source of the FS PL.5'7'9 A plausible explanation for the growth and decay of the green and orange-red FL is based upon the formation and oxidative chemical transformation of the silicon oxyhydrides.5
Experimental observations of the time-dependent behavior of the in situ FL depicted in Fig. 4b and c combined with the quantum chemical modeling of the low-lying electronic states of the silanone-based silicon oxyhydrides7'6 provides strong support for the hypothesis that the long-lived green FL5 and its subsequent transformation to a final orange-red emission are associated with the chemical transformation of surface-bound oxyhydrides.
The details of our modeling study have been given elsewhere,5'926 however, the most relevant results are presented for the silanone-based silicon oxyhydrides in Tables II  and III . Further calculations were also carried out on the ground and lowest lying electronic states of the silylenes and dangling electron SiXYZ compounds which vary through the series from SiH2 to Si(OH)2. In Table II we summarize the SiO bond lengths calculated at the MF2/DZF5'26 level for the ground state singlets and lowest lying excited state triplets of several model silanone-based oxyhydride compounds which we have considered.6'9'26 The calculations on the SiXYZ compounds from SiH2 to Si(OH)2 26 demonstrate that these molecules possess excited states whose lowest lying transitions all lie far into the ultraviolet region and are therefore inaccessible to the light sources used in this study.
The calculations on the silanones demonstrate a significant change accompanying the transition to a low-lying excited triplet state which produces a considerable lengthening of the SlO bond.66'56 In contrast, calculations on the corresponding silylene isomers demonstrate much smaller changes in the bond lengths and bond angles of the low- Table III There are additional striking aspects to the data in Tables II and iii. First, from Table II we note that whenever an OH or OSiH5 group (Table II, (SiO), in transition is consistently a substantial 0.17 A.
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Further, an additional OH group does little to affect this differential change in the bond length accompanying the singlet-triplet transition. In the absence of an -OH or -OR group, the change is notably smaller, decreasing from 0.155 A for Si(O)H5 to 0.121 A for Si(O)(S1H5). These are distinct differences associated with -OR vs. -R group bonding to the silicon which can have a considerable affect on the relative energies of PLE excitation and PL emission spectra. Further, we note the very similar adiabatic energy differences (AE 3.05 e11) which characterize those singlet-triplet transitions where an -OH or -OR group is bound to the silicon oxide bond. The shift of the excited triplet state relative to the ground state singlet suggests that a peak maximum at The results of the outlined quantum chemical modeling suggest that the unsaturated silanones with bound -OR hgands produce a much larger red shift of the PL emission spectrum relative to the peak of the PLE spectrum than will silanones with only -R group ligands. Excitation of these latter silanones should be more efficient at longer wavelengths, consistent with the experimental observations of a strong green in situ PL for Hg lamp vs. KrF and ArF optical pumping. It is also to be noted that the unsaturated bonding which we consider would appear necessary in order that the electronic transitions of interest for these Si, 0, and H compounds fall within the visible and UV regions.
The green-to-orange-red PL transformation -The sources of the "orange-red" PL emission which correspond to -Si(O)OH or -Si(O)OR constituencies would be expected to undergo dissolution at a more rapid rate than the -H or -R (vs. -OH or -OR) group terminated oxyhydrides. This certainly follows the experimentally observed very long time decay of the PL which can be followed visually to observe that the "orange-red" PL will first decay completely followed by the subsequent loss of any residual "green" PL emission.
The green and orange-red emissions have been previously assigned to interlocking exciton fluorescence and phosphorescence emissions, respectively.19 The experimental data," however, favor a chemical transformation process involving two distinct surface species whose photogenerated excited states have comparable emission lifetimes.' Although the overlap of the spectral features associated with the green and orange-red emitters prevents a ready evaluation of the radiative lifetime associated with the green emitter, its radiative decay routes do not appear to be compatible with a fast fluorescence process and are far less rapid than that of the short-lived Si05 emission at 450 nm,49 Our observations suggest a chemical conversion between two moderately long-lived (several microseconds)5'9 surface-bound constituencies and establish that an intersystem crossing process involving a short-lived green and long-lived orange emitter, as suggested by others,1925 seems far less likely Based on the results of our quantum mechanical modeling, we assign the green and orange-red emissions to the silanone-based oxyhydrides in various stages of oxidation.9 The growth of the FL with time during and for some period after the etch cycle is consistent with an increasing surface coverage of the FL emitters as their formation competes with dissolution.9'12 As the oxide dissolution occurs and the FL decays in time, the oxidized silanone-based oxyhydrides terminated with -OH or -OR groups (the orange-red emitters) undergo dissolution at a more rapid rate than those -H or -R group terminated oxyhydrides (the green emitters)."
Current density dependence and the silicon suboxides.-Current density also plays an important role in the etching process. With the aqueous HF etching solutions, two etching regimes exist and are defined by a critical current density At j > j,, electropolishing of the silicon surface occurs. At j < j,,, pores are formed. At low current densities the electro-oxidation reaction ultimately results in dissolution of SiF4, whereas at high current densities dissolution occurs by formation of both S1F4 and S102 or Si(OH)4. Even at low current densities, the reaction of silicon with water (producing surface hydroxyl groups) is significant. We have argued7 that the formation of hydroxyl groups on the surface facilitates the formation of photoluminescence centers. Two reactive modes of water with the silicon surface can be envisioned: (i) the formation of silicon hydride and silicon hydroxide bonds across adjacent silicon surface atoms (Fig. 17) , and (ii) the concerted reaction of a water molecule at a silicon atom site to form the oxide,'° with the subsequent release of hydrogen or the a The evaluation of a radiative lifetime for the green-emitting precursor state can be complicated both by its continual formation and by its chemical transformation during the course of an emission decay measurement.
Reports of enhanced orange-red FL emission after RTDO where the OH content is believed minimal might be deemed ioconsistent with a surface-bound silanone structure. However, insertion of the oxygen into a silicon-silicon surface bond.
At j <j1, the rate of silicon dissolution as Si02 or Si(OH)4 is very slow, consequently extending the lifetime of the water-based surface oxidation intermediates Si=O, Si-O-Si, and SiOH. As the current density increases, formation of these constituents at the surface (and the PL emission intensity) increases (see Fig. 11 ).
At j > the rate of further oxidation of the surface intermediates increases and the rate of dissolution as Si02 or Si(OH)4 increases proportionately. This leads to the reduction and eventual quenching of the PL. This mechanism is completely consistent with the reaction modes outlined and the stabilization and enhancement of the PL from the nonaqueous HF/MeCN solution containing small quantities of water7 (Fig. 5b) ethanol as they are introduced to the HF etch solution. It is apparent that the systems HF/MeOH/H20 and HF/ EtOH/H20 are complex. Yet the behavior of a silicon wafer in these solutions leads to PL features which are observed consistently. First, the rate of increase of both the 6200 A orange-red and 5200 A green luminescence at the beginning of the etch cycle clearly increases at a much faster rate (Fig. 4, 8, and 12 ) upon introduction of these alcohols to the etch solution. Further; a similar effect accompanies the introduction of ethylene glycol.5 The rapid decay (Fig. 4, 8, and 12 ) of the PL is also apparent in the etching solutions to which the alcohols have been introduced to an HF-based environment. Once the FL is quenched, we have found no chemical treatment which can again initiate the luminescence process. Only a new electrochemical etch can produce further PL. In sharp contrast, adding signif icant quantities of methanol (up to -i mL) to -2 mL of a near-anhydrous MeCN/HF etching solution does little to affect the PL. We suggest that these observations are best explained by considering that MeOH and EtOH might interact differently at distinctly different times in the etching cycle. At the beginning of the etch cycle, MeOH and EtOH contribute to the formation of PL emitters, whereas at the end of the etch cycle they or compounds which they form through interaction with the aqueous etch constituencies promote dissolution and the quenching of the PL. We suggest that these alcohols may interact slowly with HF in solution to create more effective agents to hasten the dissolution process.
The variation of the HF, water, and methanol concentration in the etch solution produces a dramatically different time-dependent emission. This again supports chemical These energetics suggest that methanol can, on one hand, be a source of a inethoxyl group and on the other hand, might be a source of a hydroxyl group bound to the silicon surface. CH3CNis a very weak base (vs. even CH3OH) and cyanide is a very poor leaving group.6° If C113011 is introduced to a near-anhychous CH3CN/HF etching solution, an HF reaction with methanol to produce water via reaction 2 61 might readily occur HF + CH3OH -1120 + CH3F [3] Here an increased water concentration would be very significant and, as Fig. Sb demonstrates, should greatly enhance the "orange-red" PL from PS. The formation of a strongly reactive agent at the silicon-solution interface may coincidentally contribute to the dissolution process and the eventual decay of the 6200 A FL; however, in the near-anhydrous environment, the strongly enhancing effect of water and the potential dissolution and/or quenching processes may well balance each other.
Recently, Warntjes et al.'1 have studied the EC methoxylation of a PS surface. In order to better understand their observations, we have expanded our quantum chemical modeling studies926 to interpret6 their experimental results. Warntjes et al. have used the partial anodic dissolution of porous silicon in anhydrous methanol to electrochemically graft methoxy groups onto a hydrogenated porous silicon surface at room temperature. These authors make two key observations. (i) they find that the visible PL spectrum blue shifts upon methylation by close to 10 nm from that of hydrogenated PS, and (ii) they obtain evidence for methyl [v(CH3)] and (SiOC) infrared bands, suggesting the grafting of OCH3 units and the formation of SiOCH3 constituencies.
An extension of the quantum chemical modeling studies which we have presented in Thbles II and Ill is presented in Fig. 19 where we summarize the adiabatic excited state triplet-ground state singlet wavelength onsets for a number of substituted silanones. The calculated structures in Fig. 19 indicate the changes to be expected as one converts the 0 = Si -OH and 0 = Si -OSiH3 tetravalent silicon constituencies which we have previously considered9 '26 to an 0 = i -OCH, fluorophor. We have determined6 that the predicted change in adiabatic energy commensurate with a blue shift in the visible PL spectrum is not readily associated with the conversion of a hydroxyl group (OH) to an -OCH3, functional group. This change is most likely associated with the conversion of an -OSiH3 unit to -OCH3, in excellent agreement with the observations of Warntjes et al. ' 1 Further, any conversion of an -OH or -OSiH3 to a methyl (CH3) constituency will likely result in a substantial red shift in the PL spectrum. 6 Warntjes et al. have noted, in analogy to the mechanism for HF etching, that silicon, as it is oxidized in methanol, should undergo spontaneous dissolution to form soluble tetramethoxysilane. This process is expected to proceed through the successive grafting of methoxy units (e.g., analog of F atoms in HF, see the following discussion) to the silicon atoms. However, dependent upon the experimental conditions, it might also be possible to graft methyl groups onto a hydrogenated silicon surface to substitute the silicon-hydrogen bonds, eventually forming the more easily removed tetramethylsilane. Of course, many things change with methanol concentration including the distribution of HF species, the double layer, and the solution dielectric constant. However, the above considerations cause us to consider the possible evolution of the PS dissolution cycle with change in experimental conditions. The etching and PL process-Several researchers have considered the reactions which describe the dissolution of silicon in an HF-containing electrolyte. The formation of a silicon oxyhydride emitter5'69 would appear to be consistent with the comparative and competitive mechanisms which have been suggested for silicon dissolution in aqueous and nonaqueous media.32'5253 Figure 17a outlines the cycle of suggested conversion steps in a nonaqueous etching process which provide the dissolution of silicon through the eventual formation of an 5114 leaving group. This process can be inhibited through the introduction of water52 and, in an aqueous medium, the competitive mechanism indicated in Fig. 17b is thought to proceed through the formation of silicon hydroxide bonds which might well result in the formation of surface-bound PL oxyhydrides.5'69 It is appropriate to evaluate these competing processes as they occur in an aqueous medium and to consider the potential modifications of these basic mechanisms when the alcohols CH3OH and C2H5OH are present.
The nonaqueous etching process ( This surface does not appear to be photolumineseent59 consistent with our quantum chemical calcu1ations2' and the experimental evaluations64 of SiH excited states. The reaction sequence with HF is thought to be hole-initiated (B), producing a proton and a silicon radical.32'52'53 After electron ejection into the silicon conduction band, facilitated by the ready oxidation of silicon, the positively charged silicon is thought to be complexed by a fluoride ion (C). This process is thought to continue as the high electronegativity of fluoride in the silicon fluoride bond destabilizes the adjacent Si-H bond, which is then more susceptible to oxidation through electron injection or hole consumption (D). In the absence of water, a fourth oxidative step (E) can take place as the addition of fluoride to the oxidized silicon further destabilizes the Si-Si bonds. The polarity of the two Si-F bonds can facilitate the further addition of HF and the final dissolution of SiF4 which dissolves as the silicon hexafluoride. As Gerischer et al. have suggested52 and we have previously outlined,7 the presence of water in the etch solution should inhibit the anhydrous dissolution process. We suggest that water can interact in at least three different ways with a silicon surface to produce: Si=O, Si-O-Si, and Si-OH bonding units. Similarly, other constituencies in the etching solution including CH3OH and C2H5OH can alter the etching cycle through direct reaction or possibly through production of constituencies such as CH3F and C2H5F (reaction 3) which can rapidly react with the silicon surface.
Within the suggested mechanism for the steady-state oxidation of a hydrogen-coated silicon surface in an aqueous electrolyte (Fig. 17b) , the hydrolysis of silicon (B,C) can compete favorably with fluorination as oxide bonds are readily formed during silicon anodization.32'52 The hydrolysis of the silicon radical (B) represents an important alternate oxidation route as the presence of water can lead to the formation of a Si-OH bond. Given a silicon surface which is not completely hydride-decorated, we may consider also the possible formation of the Si=O bond or the Si-O-Si moiety through a concerted reaction of the water molecule on the silicon surface, the combination of vater reactions then producing an 0 = Si-OH or 0 = Si-OSiH3 oxyhydride fluorophor. In Fig. 17b , the formation of the hydroxide bond alters and decreases the reactivity of the remaining Si-H bond (C) which is now less susceptible to electron injection or nucleophilic attack. The lower induced polarization of the hydroxide group also weakens the Si-Si bonds to a lesser extent, signaling an increased stability for the hydroxy intermediates indicated in C and E. With available silicon sites, the introduction of water can result in the formation of silicon oxide and hydroxide bonds and signal the creation of luminescent silicon oxyhydride surface entities, thus increasing surface stability and inhibiting dissolution. The judicious manipulation of the etching solution would thus appear to provide a means for producing more efficient photoluminescent emitters.
Stabilization of the PS photoluminescence through introduction of HC1, NaCI.-With some extrapolation, the mechanistic considerations which we have outlined can be used to explain the stabilization of a strong PL due to the formation of silicon oxyhydride bonds (Fig. 17b) . While HF is a weak acid with an ionization constant, KHF -7 X 58 HCI, a strong acid, is almost completely ionized in water producing (H) and (Cl-) ions. After the silicon oxyhydrides are formed (B, E) in an aqueous medium, rinsed, dried, and placed in doubly deionized water, the PL emission rate increases (Fig. 15 )78 in the absence of HF which, if present, can interact with the decorated silicon surface to remove a portion of the PL sources. When 12 M HC1 is introduced in equal volume to this solution, the (H*) concentration increases precipitously. This increase in (H) concentration must significantly influence and decrease the (OH-) concentration in solution as (OH-) = Kw,ter/(H).
The equilibrium between silicon hydroxide surface bonds and the solution is therefore modified to stabilize the silicon hydroxide bond. The (Cl-) ion may also have a stabilizing effect, as the stability of the SiCl bond is considerably less65 than that of the Si-F, Si-OSiH3(Si-OR), or Si-OH bonds on the oxidated PS surface. The (Cl-) ion will be less likely to remove or compete with hydroxide bond formation and, for this reason, may also serve to preserve silicon oxyhydride surface entities. Given these considerations and the observed behavior of a methanol solution upon introduction of chloride ion (NaCl), the ability to stabilize the PL emission from a PS surface in a controlled manner seems a possibility.
